Out-of-pile experiments were performed with Zircaloy-4 rods in subcooled water environment to study the basic phenomena occurring in the transient cooling process undergone by a fuel rod during a reactivity-initiated accident (RIA) affecting a light water reactor (LWR). The experimental results show that the cooling process of the fuel rod during an RIA can be divided into three phases separated by the quenching temperature Tq and the rewetting temperature Tr.
INTRODUCTION
Experiments have been conducted on the behavior of fuel during a reactivity-initiated accident (RIA) in the test reactors NSRR(1)(2) and SPERT-CDC(3) utilizing a capsule filled with water at ambient temperature and pressure. These experiments have produced interesting heat transfer data affecting the cooling process of fuel rods, as shown in Fig. 1 . It is notable that quenching commences from a very high cladding temperature fairly early in the transient, during which a high film boiling heat transfer coefficient must thus be expected to prevail under a condition of highly subcooled coolant. Such a cooling process differs entirely from that of a loss-of-coolant accident (LOCA) c" , in which the cooling water, while being subcooled at the core inlet in the reflooding phase , becomes saturated near the rewetting front. In an RIA affecting the cold start-up of a boiling water reactor (BWR), the fuel rod is entirely immersed from the outset in cooling water, which maintains. its subcooled condition throughout the transient .
For the analysis of the reflooding process in a LOCA , it should be justifiable to neglect the radial heat transfer from the rod to the coolant on the dry side above a rewetting front, as proposed by many investigators(5)~(8), on account of the single vapor phase of the fluid in that region. Here, the "dry side" means the region existing above a rewetting front separating it from the rewet side below it. The cooling on the dry side, therefore, . would be controlled by the axial heat conduction toward the rewet side. During the past several years, a number of investigators(9)~(13) have succeeded in analyzing the precursory cooling that takes place immediately ahead of a rewetting front in a LOCA. These analyses are, however, not valid for interpreting the cooling process during an RIA under subcooled condition, in as much as the local subcooling around a rewetting front differs. entirely between these two cases.
The cooling process of the fuel rod during an RIA, shown in Fig. 1 , could not be interpreted without taking account of the subcooled condition of the coolant that surrounds the vapor film. Thus, to understand the cooling process taking place in an RIA, it is essential to have better knowledge of the cooling phenomena associated with fuel rods , and in particular, of the cooling mechanism and heat transfer rate under the subcooled condition prevailing in this instance. Bradfield (14) and Lauer et al. (15) have conducted quenching experiments under subcooled conditions : Their data indicate the occurrence of temperatures at maximum heat flux point quite different from those observed on conventional pool boiling curves.
The major objectives of the present study are to gain a better understanding of the cooling phenomena of fuel rods during an RIA from cold start-up condition . The experiments were performed in the out-of-pile with Zircaloy rods , to avoid the difficulties in observation of phenomena inherent in in-pile experiments , and in view of the uncertainties brought upon the evaluation of the rod-coolant heat transfer rate by changes in the width of the gap between fuel pellet and cladding. The experiment was performed by dropping a heated Zircaloy rod into a stagnant water pool held at various degrees of subcooling , and the resulting phenomena were observed by high speed photography , while at the same time measurements were taken of the Zircaloy rod surface temperature .
II. EXPERIMENT
A cylindrical rod of Zircaloy-4 of an effective length of 100 mm sampled from material ,. currently used as cladding material in LWR's , is heated in electric furnace to about 1,000dc, then rapidly immersed in a water pool. This arrangement provides full development of 
Observation of Quenching Process
The cooling process is recorded photographically by high speed camera with 16 mm color film. From the film observation, the cooling process can be described as follows.
The test piece glows and is enveloped in vapor film when its temperature is between points C and D in Fig. 3 (14) and Lauer et al. (15) . It indicates that the rapid cooling of the test piece upon quenching (temperature drop from Tq,) could not be attributed to conventional transition boiling heat transfer, where liquid microlayers must be formed on the heat surface, which latter mechanism, on the other hand, would appear to be that governing the cooling by rewetting from Tr.
The cooling process in the experiment can be divided into three phases separated by Tq, and Tr as indicated in Fig. 6 , where these temperatures constitute boundaries between three regions I, II and III.
Calculation of Surface Heat Flux
Calculations on transient heat conduction will yield the relationship between surface heat flux and surface superheat temperature, with the boundary conditions determined by the measured temperature-time trace. The calculations have been performed using both one and two-dimensional heat conduction equations to estimate the effect of axial heat conduction. The thermal conductivity h and the specific heat Cp should be treated as variables depending on temperature, since very steep temperature gradients exist in the test piece, in both radial and axial directions.
The temperature distribution T(r, z, t) in a test piece is governed by the transient heat conduction equation ( 1 ) where e=1
for two-dimensional, and e=0 for one-dimensional analysis. We here introduce a new variable ( 2 ) or (
By substituting E into Eq. ( 1 ), we have ( 4 ) where a=k(T)/rCp(T). The temperature-dependent variables of k and Cp are given in Ref. (23), and we assume r to be constant, on account of its small temperature dependency.
Assuming axial symmetry and adiabatic condition at the both ends of the test piece, we derive the boundary conditions ( 5 ) The assumption of adiabatic condition at the test piece ends are justified as devoid of serious effect on the calculated results, for the reason that the temperature distribution along the test piece is not steepened to any appreciable extent by omitting the narrow zone across the rewetting front, and that differences in the actual conditions prevailing at both ends of the test piece have been found not to affect seriously the surface temperature measurements at the three points that have been observed.
The actually measured surface temperatures, amended to eliminate fluctuations in measurement, are also adopted as a boundary condition :
where at points other than the three points measured are interpolated linearly on the assumption of constant rewetting velocity.
The initial condition, in view of the uniform heating applied to the test piece at the beginning, is T(r, z, 0)=To.
Then the temperature variable E can be calculated by numerically solving Eq. ( 4 ) with the conditions described above, from which the temperature T can be obtained in K by integrating Eq. ( 3 ).
The surface heat flux Qw_, is determined from
The derivative (pT/pr)r=R is calculated by sixpoint numerical differential method. 
IV. DISCUSSION
Comparison between the one-and two-dimensional analyses (Fig. 7) indicated closely similar surface heat fluxes yielded by the two methods. This means that axial heat conduction is negligibly small, compared with the heat transfer to coolant through vapor film in the present transient cooling process, which differs considerably from the cooling mechanism established by previous studies to cover the rewetting process in a LOCA(5)~(8). 
where qtot can be represented by the rate of enthalpy decrease : (10) and qcond evaluated from the temperature gradient : (11) Here, the z-axis adopted in Sec. III-4 is replaced by z-ut . The temperatures at z= -D z, 0 and L' are respectively given by Tr , Tq, and TL,, where (12) A value of 2.0x10-2 m/s is adopted in the present instance for the rewetting velocity The evaluation is made on the mid-length position of the test piece . On the assumption of linear temperature variation ,
From Fig. 3 , ,
and from Eq. (12), (15) The values of r, Cp, and h for Zircaloy-4 at 700 K are estimated in Ref . (23) . By substituting Eqs. (10) through (15) into Eq . ( 9 ), we obtain (16) This indicates that the rapid cooling from Tq to Tr in Fig . 3 The boiling characteristics observed in each of these regions will be discussed in what follows.
In phase (I) a test piece is enveloped in a film of vapor. Studies on subcooled film boiling have been undertaken by many in- We take as example the experimental data by Siviour et al.(26) cited in Figs. 8 (a)~(c) .
In the region of relatively moderate subcooling temperature, covered in Figs. 8 (b) and (c), the difference is not too significant, but a clear tendency to deviate is seen with increasing degree of subcooling, with the present data giving the higher values. This would limit to the region of moderate subcooling the validity of Bergles & Thompson's(29) prediction that the transient film boiling heat transfer coefficient can be estimated by the conventional expressions for stable film boiling.
In phase (II), axial heat conduction can be ignored as already remarked.
The most notable characteristic of boiling heat transfer in this phase is that the surface heat flux decreases with increasing surface superheat, although the temperature range of the region is much higher than that of conventional transition boiling and is situated even above the maximum liquid superheat temperature of water.
Local mist and/or spray cooling within the vapor film can be surmised as a plausible heat transfer mechanism for this phase, by reason of the previously noted violent disturbance of fluid motion observed around the rewetting front. It should thus be pertinent to compare the present results with the experimental data reported on mist and/ or spray cooling, despite the differences that should exist in the cooling mechanism.
In Fig. 9 are reproduced in broken line the results on steady mist cooling by Toda & Uchida (30) , comprising both experimental data and theoretical prediction for a mass flow rate of 4.5 kg/m2,s and 0dc subcooling, and in chain line the experimental transient spray cooling data by Hoogendoorn & den Honcl(30) for 0.6 kg/m2,s and 80dc. It is seen that the present results for phase (II) are close to those of the cited authors in the region of moderate subcooling, while even with strong subcooling, the reported data clearly manifest the particular characteristic of increasing heat flux with decreasing superheat.
It is seen from Fig. 6 that the present values of T r are in fairly good agreement with the maximum liquid superheat temperature of water . It is possible that in the phase (III) where the surface temperature falls below Tr, the test piece surface comes into direct contact with liquid water, so that, in this phase , the conventional transition and nucleate boiling heat transfer can be considered to come into play as the mechanism governing the cooling.
V. CONCLUSIONS
The following conclusions can be drawn from the present experimental work on the transient cooling process of a Zircaloy-4 rod immersed in a pool of subcooled water to simulate the cooling process of a fuel rod in an RIA.
(1) The coolant subcooling temperature strongly affects the transient cooling process of the fuel rod in an RIA. The process can be divided into three phases separated by the quenching tem - perature Tq and the rewetting temperature Tr. (Fig. 6 ) (2) Of the two temperatures, Tr depends little on the degree of subcooling represented by the coolant temperature , and remains almost constant at a level roughly coinciding with the maximum liquid superheat temperature of water , so that Tr could be considered to correspond to the rod surface temperature at the point of initiation of direct contact with liquid water , i. e. of the rewetting front.
(3) The quenching temperature Tq, on the other hand, varies widely with the degree of subcooling, and when the coolant is strongly subcooled , will far exceed the maximum liquid superheat temperature of water .
(4) The relationship between the surface heat flux and the surface superheat has been calculated and found to have a minimum point (E in Fig. 3 ). This minimum heat flux point, together with the surface heat flux curve as a whole, tends to shift toward. higher values with increasing degree of subcooling. (5) In the initial and final phases above Tq and below Tr the cooling mechanism can be explained with the conventional boiling curve. In the intermediate phase between Tq and Tr, the heat flux curve acquires a negative slop, i. e. decreases with increasing surface superheat. This intermediate temperature range is far above that of conventional transition boiling, and a different cooling mechanism must be considered to apply. It is pointed out that, in this phase, axial heat conduction does not play an important role. A much more significant contribution may be provided by the violent hydrodynamic disturbance observed around the rewetting front . The numerical calculations also indicate conclusively that radial heat transfer to coolant water, rather than the axial heat conduction through rod, dominantly governs the transient cooling process in an RIA postulated from the condition of cold start-up in a BWR, which is simulated in the present experiment .
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